Abstract Groundwater resources have become the main resources for water supply due to the unavailability of surface water in arid zones. Arid zone's damage to groundwater resources will have a high impact on human life in arid zones comparing to other regions. Due to the lack of surface water resources in these arid zones, groundwater is used as a resource for drinking and sanitation purposes due to the lack of surface water resources in these arid zones. Water desalination facilities are set up in locations where there is both sufficient amount of water (quantitative criteria) and the extracted water has adequate quality (qualitative criteria). Therefore, an optimization model should be used to locate optimal places for water desalination facilities. Multi-criteria decision-making models are mathematical techniques that, by using the geographic information system, are able to evaluate the options under complicated and indefinite geographic conditions. This research prepares information and factor maps to assign weights to qualitative water maps which were combined in the form of an inductive network. Therefore, by employing the concept of fuzzy fusion models, this article presents a method for solving multi-criteria geographically-indeterminate problems, and finally finds an appropriate location for the construction of a water desalination system in the desert region of Birjand in Iran.
Introduction
Access to clean and safe water is fast becoming a major problem throughout the world. Presently, about 1.2 billion people around the world don't have access to adequate amounts of clean water (World Health Organization 2009). Many people encounter water shortages during hot seasons. The current population growth rate and increase of the earth's surface temperature is causing the problem of access to safe and clean water for drinking and sanitation to become considerably worse (United Nations World Water 2009).
Also groundwater salinization occurs in some some aquifers around the world (Benavente et al. 2004; Barlow 2003) . In this context many studies have been conducted with groundwater contamination sources, such as: deep brines or upward flow from deep saline water (Vengosh et al. 1999) , downward leakage from surficial saline water through failed or improperly constructed (Aunay et al. 2006) , fossil seawater (Yamanaka and Kumagai 2006) , Impact of land disposal of reject brine from desalination plants on soil and groundwater (Mohameda et al. 2005) , evaporite dissolution (Pulido-Leboeuf et al. 2003) or present seawater intrusion often due to excessive pumping (Kim et al. 2003) .
Due to the poor and inadequate potential of surface waters; optimal planning, management and utilization schemes should be implemented in order to supply the needed water from the limited potential of groundwater aquifers (Edet 1993; Partey et al. 2010; Bohlke 2002; Celik and Yildirim 2006; Robins 2001; Mishra et al. 2005; Edmunds et al. 2003) . Considering these conditions, one of the primary means of acquiring clean and safe drinking water in the desert regions is the use of water desalination facilities. The locations and types of these facilities should be selected based on the aquifers' quality limitations with respect to salinity, heavy metals, water hardness and the requirements associated with the improvement of obtained water quality (Aiuppa et al. 2003; Barker et al. 1998; Sanches-Martos et al. 2001; Van Vliet and Zwolsman 2008) .
Among a total number of 145 national water desalination units surveyed in towns and villages, 128 units (88.3 %) with total daily production capacity of 53,317 m 3 are located in towns, and the rest of those, with daily production capacity of 6,170 m 3 , are located in rural regions. The water quality achieved by the water desalination units is a mixture of calcic chloritic sulfates, and the efficiency of these systems in reducing the water's TDS is 98.7 % (Ghanad 2005; Masoomi et al. 2011) .
In the group of water desalination units in the desert regions, the quality of raw water changes from sodic sulfates to a mixture of sodic bicarbonates and sodic chlorides in the desalinated water. During 1970s, water desalination systems that worked by Electrodialysis (ED) and reverse osmosis (RO) techniques were introduced to the market. These systems have been considered as viable options in meeting the water shortage challenges in the 21st century. Regarding the types of desalination processes used in Iran (Fig. 1) , it can be mentioned that the RO process is in the first place with a share of 76.5 % (111 units), followed by the multistage flash evaporation (MSF) process with a share of 13.8 % (20 units). The multi-stage distillation (MED) system and mechanical vapor compression (MVC) process, each with 4.15 % of the share (6 units) have occupied the lower ranks (Ghanad 2005; Masoomi et al. 2011 ). Considering the above information, it can be understood that the use of water desalination systems in Iran is on the rise. Therefore, proper planning and management in the selection of optimal locations for water desalination facilities constitutes the most important factor in achieving the right amount and quality of produced water, and in reducing the operating and maintenance expenses associated with desalination equipment. Sophocleous et al. (1982) performed a geostatistical analysis on water levels in places where the studied wells were located along the same line and at equal distances from one another, and they observed a strong positional correlation between water levels in the wells. They also prepared counter lines maps of groundwater and presented a network for the management of these waters (Sophocleous et al. 1982) . Similarly, in a research on the distribution of nitrate concentration in groundwater using the multi-variable statistical analysis method, Raiber et al. (2012) found out that, petrologically, the composition of bedrock has a significant effect on the concentration of nitrate, and concluded that this method can be employed for the analysis of hydrogeological and hydrogeochemical data obtained from studies to locate the spread of water contamination, and that acceptable solutions can be achieved through this approach (Raiber et al. 2012) . Güler et al. (2012) used the fuzzy clustering, multivariate statistics and GIS methods, and by means of the hydrological and hydrochemical data on groundwater they could discover the impacts of human activities on these resources. These investigators claimed that human activities have the most devastating impact on the contamination of the studied region (Carter and Graeme 1994; Güler et al. 2012) .
As previously mentioned, the use of desalination facilities to remove the salt and purify the groundwater to a drinkable level can be a viable solution to the shortage of safe, drinkable water and lack of access to suitable surface waters in arid zones. Previous research has not paid special attention to locating water desalination facilities to provide municipal drinking water.
In this investigation we consider both the quantitative and qualitative characteristics of groundwater to present a comprehensive method for finding optimal locations for desalination units.
Materials and Methods

The Investigated Region
The study region of Birjand is part of the Loot desert in Iran. The province of southern Khorasan (where the study plain of Birjand is located) has been situated to the north of Bagheran heights. This plain is roughly rectangular in shape, is surrounded by mountain heights all around, and the alluvial aquifer forms its central zone (Fig. 2) . This region has approximately an average length of 131 km and an average width of 26 km. Its area, based on a digital map with the scale of 1:250000, is about 3,425 km 2 and its perimeter is 313.8 km. Average rainfall in this area amounts to 170 mm per year.
Also, the average annual rainfall in the plain (with an area of 1,383 km 2 ) is about 138.29 mm and the average annual rainfall in the surrounding heights (with an area of ) is 181.5 mm. This research uses the qualitative groundwater data of Birjand plain (2009) provided by the Birjand Regional Water Organization which pertained to wells and kanats (subterranean kanats), 38 data sources (wells and kanats) were deemed as appropriate in terms of accuracy and sufficiency. More than 90 % of the water needed by the city of Birjand and the area under investigation is supplied by kanats, wells, springs and drainage from groundwater sources. The groundwater basin in this plain, which is separated from the neighboring groundwater basins by the peripheral mountain heights, is divided into the northern section (Merek plain) and southern section (Birjand plain) due to the protrusion of neon facies.
Review of Data Normality
The use of geostatistical methods requires a strong positional correlation among data, which is evaluated by variogram analysis. The normality of data is a condition for the implementation of this analysis; and the Kolmogorov-Smirnov test can be used to investigate this condition. The Kolmogorov-Smirnov test measures how well a general sample distribution follows a particular distribution. The statistic of this test constitutes the largest difference between the expected and real frequencies (as absolute values) measured among the different classes of groundwater qualitative parameters. This statistic is written as follows:
Where F is the real relative cumulative frequency of groundwater qualitative parameters and b F is the expected relative cumulative frequency in these parameters. To perform this test, the following steps are taken. The relative cumulative frequency of a sample is measured for different intervals. The relative cumulative frequency for various classes is determined by means of the theoretical statistical distribution or by using other sample information. For each interval, the absolute value of the difference of two frequencies is calculated through Eq. (1). The maximum difference obtained from each step is recorded as test statistic D. Having chosen an error value α, and for n number of samples, the amount of Dα is read from the statistical table of error and sample size. If D is less than the Dα value obtained from the table, then the assumption of sample obeying the considered distribution will be accepted; otherwise, the assumption will be rejected. Any parameter which fails this test does not possess the necessary conditions for normality, and therefore should be converted to a normal time series through one of the computational functions of log normal, gamma function and Box-Cox transforms function.
Variogram Fitting
A variogram is used to express the spatial continuity of a variable. Determining the value of theoretical variogram function is necessary in this research in order to evaluate data continuity. The more carefully this function is selected for the region under study, the more accurate the estimation of parameters will be. The process of selecting an appropriate variogram has several stages, which starts by examining an empirical variogram on observed information. Then a variogram model from the variograms presented for being fitted on the empirical variogram is selected and the parameters of this model are so chosen as to have the best fit on the existing information. For example, we may use a linear variogram as r(h)=θh to express the experimental variogram and then determine parameter θ for a better and more proper fit on the information. Considering the empirical variogram, an exponential model such as the following equation has been used for fitting on this information.
Conversion of Point Information to Regional Information
In many occasions, due to different reasons such as the lack of measuring stations and the high cost of constructing these stations, the needed information is not available for all the desired points of a groundwater aquifer. To estimate the information pertaining to unmeasured points of a region, the so-called geostatistical methods are used. Geostatistics constitutes the collective studies of phenomena that vary with time and place. This technique can stochastically model the temporal and spatial aspects of a phenomenon. Geostatistical methods work on the basis of estimating an unknown value z as a random number with a specific probabilistic distribution at an arbitrary point of the space being studied. Two types of frequently-used geostatistical methods are the Kriging method and the method of assigning inverse distance weights.
Kriging Method
Kriging is a set of linear regression methods generalized to large dimensions. Based on the way the problem is treated, the Kriging method can be divided into temporal and spatial types, although the temporal models mostly accompany the spatial solution of the problem as well. Therefore a division between spatial and temporal models can be considered for the Kriging approach. The positional Kriging can be employed for the estimation of a variable at a point whose information has not been measured. This method can also be used to find the best network for the measurement of hydrologic variables by adding new measuring stations to the existing network. The simple form of Kriging, known as the ordinary Kriging (Eq. 3), exists based on the first order analysis of Z(x), and is independent of point x.
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Or if there is a known function such as m(x) under the conditions of Eq. (4):
Variable Y(x) can be used as Eqs. (5) and (6):
For all the vectors of h, component [Z(x+h)-Z(h)] has a limited variance, which is independent of X (Eq. 7):
Function γ is called a variogram. The first step in Kriging calculations is the calculation of variogram. Kriging equations are divided into different types based on the output (point Kriging and block Kriging) or based on the computational structure; which in this article, the ordinary Kriging equations have been used. In these equations, the average value is assumed as unknown and independent of the coordinates of the region under investigation.
Method of Inverse Distance Weights (IDW)
The second method of geostatistical models is the method of inverse distance weights. In this method, the weights are assigned based on the inverse of distance to the estimated point. In other words, more weights are assigned to the closer samples and less to the samples at farther distance. In the weighted moving average method, the value of weight factor (λ i ) is calculated by the following equation:
In which, D i is the distance between the estimated point and the value observed at point i, α is the equation power and n is the number of observed points. By using an evaluation method and obtaining the existing errors, one of the above methods that has a better fit on our model is selected and then the factor maps are prepared based on the selected approach.
Evaluation of Methods
In evaluating the geostatistical methods, the cross validation process is mostly used (Güler et al. 2012) . In this process, first, the empirical variogram is calculated from the information on qualitative parameters and the theoretical variogram is fitted on them. Then, using the selected and fitted model and the Kriging equations and IDW, the value of variable z(x i ) is measured at every point, and by omitting this value from the rest of the information, z(x i ) is estimated. This procedure is repeated for all the measured points. Finally, by using the obtained results, the following three statistics are estimated: a) Mean Error (ME), which is calculated from Eq. (9):
In Eq. (9), Z(x i ) is the real value of information at point X i , b Z X i ð Þ is the estimated value of information, and N is the number of points with measurements. b) Mean Squares Error (MSE), which is calculated by Eq. (10):
c) Mean Squares Deviation Ratio (MSDR), which is obtained from Eq. (11) based on the mean squares error, Kriging variance and IDW:
Ideally, the value of mean error should be equal to zero, because the Kriging and IDW is an unbiased model. This criterion, by itself, is not a suitable measure; because it is not sensitive to the existing inaccuracies of the variogram. If the selected theoretical variogram is an appropriate model, the MSE will be equal to the obtained variance, and the MSDR will be one (1).
Implementation of the Fuzzy Logic Model
Based on the theory of fuzzy sets, a fuzzy set is a subset which the membership value of its elements in the main set, with respect to a membership function, is between zero (0) and one (1) (Güler et al. 2012) . When combining the factors, the single classes and location units existing in each of the factors constitute the elements of the subset, and the criterion for their membership in the desirable set (proper locations for the construction of water treatment units) is how suitable or unsuitable they are, which is determined with a membership degree from 0 to 1. Each existing class or information unit in a factor has a membership degree between 0 and 1, which indicates in every factor, the value and importance of a location unit relative to other units and of a single factor relative to other factors. The membership level of each class and location unit, like the weights in the index overlapping method, is determined through expert opinion and the knowledge of data By employing the fuzzy operator the desired combining operations are implemented.
The fuzzy operator known as fuzzy "GAMMA (γ)" is used to fuse the sets of factors. Ultimately, by applying the fuzzy operator, the location units of the output map will get their membership degrees (Xiao et al. 2007 ). This operator represents a general form of fuzzy "sum" and "product" operators. Fuzzy "GAMMA (γ)" is used when some of the factors have a reducing effect and some others have an increasing effect. In locating water desalination facilities, due to the increasing effect of qualitative and infrastructure factors, and the unknown effects of the environment and natural factors, the fuzzy γ operator has been selected for decision-making and evaluation purposes (Wanga and Chang 1995; Chen et al. 2008 ).
Method of Scoring Qualitative Parameters in the Fuzzy Logic Model
For scoring in the fuzzy logic model, the minimum and maximum values of physical and chemical tests of raw water in each of the parameters (Tables 1 and 2 ) are used. Thus, in the preparation of factor maps, before the operators are used, scoring should be performed. In this reverse scoring process based on numbers from 1 and 10, the location with the best quality will get a score of 1 and the location with the worst quality will score a 10. If the quality of a parameter at a location is more than the maximum value in a range mentioned in the table, that location will still get a score of 10. In the prepared maps, the locations with scores of 1 (highest score) and 10 (lowest score) are shown with totally white and totally dark colors, respectively. After obtaining these factor maps, and applying the proper fuzzy operators, the fuzzy combination map of the aquifer's qualitative characteristics could be prepared. Finally, by using the aquifer's counter lines maps and the fuzzy fusion map of qualitative features, the optimal location for the establishment of a water desalination plant to provide municipal drinking water can be found. 
Results and Discussion
Results of physicochemical tests show More than 71 % (99 units) of the desalination units surveyed in Iran's central towns and desert regions are supplied by wells. A review of the quality of raw water in these units (Table 1) indicates that the average values of nitrates (74.7 mg/l), sulfates (621.8 mg/l), magnesium (67.7 mg/l) and TDS (1959.6 mg/l) are higher than the maximum allowed values printed in the national standards; and that based on the "Souline" criteria, the dominant water type is classified in the sodic sulfate group. It can also be stated here that, following the desalination process, the dominant water type changes to a mixture of sodic bicarbonates and sodic chlorides. In the latter state, the pH values are less than the desirable national standard range, and approach the acidic and corrosive values. Based on the nutritional value of water, the hardness, calcium and magnesium values of water obtained from each of these units are even less than the recommended values. The minimum and maximum values of each of these parameters can be used in the scoring system of fuzzy logic. As was previously mentioned, to perform a variogram analysis and to use the geostatistical methods, first, the normality of data should be verified The Kolmogorov-Smirnov test results can be observed in Table 2 . Considering a probability level of 95 %, it is observed in this table that parameters So4 and K don't follow a normal distribution. So the data of these parameters should be normalized. The simple function of log normal was initially used in order to normalize these two parameters (base 10 log was taken from the data), and the data were tested again for normality using the Kolmogorov-Smirnov test. Parameter K wasn't normalized this way; so this time, the gamma function was used (square root was taken from the data), which ultimately normalized the data of parameter K. Following the normalization of data, the variograms are analyzed. The results of variogram analysis for 12 qualitative parameters have been listed in Table 3 . In the potassium, calcium, magnesium and sulfates parameters, there isn't a very strong spatial correlation between the data; while in the rest of parameters, a strong correlation exists between the parameters. Using the cross validation procedure, first, the empirical variogram was calculated from the information, and the theoretical variogram was fitted on it. Then for both the Kriging and IDW methods, the values of ME, MSE and MSDR were calculated. The obtained results have been listed in Table 4 . As is observed in this table, due to lower values of these parameters in the IDW method, this method can be considered as having the best fitting capability for the interpolation purposes. So the IDW technique is selected to complete the present task in the fuzzy method.
After executing the operator (Fuzzy "GAMMA (γ)") in fuzzy logic model, preparing the factor maps and using the IDW method, the model was implemented in the geographic information system based on the qualitative characteristics, and the fuzzy fusion map of aquifer's qualitative features (Fig. 4) was obtained. Also, for quantitative comparisons, the position map of 38 water sources (wells and kanats) of aquifer (Fig. 3) was used in order to plot the aquifer's contour lines map (Fig. 5) . This provides the right tools to choose an optimal location that considers that qualitative and quantitative characteristics of groundwater resources.
In view of Fig. 4 which emphasizes the aquifer's qualitative characteristics, four regions with specific boundaries can be delineated as follows: Points with number 1, 2, 3 and 4 that each of these regions has been outlined in the figure with its corresponding number. Except for option number 4, which makes up a small area, the other three options are qualitatively in a good shape. In view of Fig. 5 , which shows the ground water levels of the aquifer in the study region, it can be said that in the vicinity of well no. 1, the aquifer's water table is lower than that of the other two options; therefore, it is not a viable choice for the establishment of a water treatment unit. Of the two remaining options (wells no. 2 and 3), the one that has an easier access and also incurs less cost in terms of water transportation should be selected as the optimal location. The best and most economical choice is therefore in the zone of well no.2, situated centrally in the noted region.
Conclusions
In light of the obtained information, it can be said that the construction of water treatment facilities using the desalination units is on the rise in Iran. It should also be mentioned that proper management in the selection of optimal locations for water desalination facilities is the most significant factor in the amount and quality of water that can be produced and in the reduction of operating and maintenance expenses associated with these facilities. In this research, it was attempted to present a comprehensive and optimized method for finding suitable locations for water treatment (desalination) facilities in Iran's desert regions by considering both the quantitative characteristics (ground water level) and qualitative features (12 parameters of water quality). Therefore, first, the normality of the parameters was evaluated and the non-normal parameters were normalized. Then, the Kriging and IDW models were used to interpolate these parameters. For each parameter, the most appropriate interpolation model was selected. In the next step, the interpolate maps were combined as fuzzy fusion maps. And finally, by considering the comprehensive fuzzy fusion map and the aquifer's contour lines map, a suitable model for locating water desalination facilities was created.
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